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INTRODUCTION
A microrobot is a tiny structure that can be remotely controlled to perform a mission which is a definition of a robot. In general, the size of a microrobot is from few micrometers to few millimeters. Microrobots for biomedical applications should be able to swim in a fluidic environment of the body including circulatory, the urinary, and nerve system by external magnetic fields and field gradient [1] [2] [3] [4] . These microrobots are expected to perform various biomedical applications including targeted cell transportation, precise drug delivery, opening blocked blood vessels, micro-surgery, sensing, and scaffolding [1] [2] [3] [4] [5] [6] . Among these applications, targeted drug delivery and cell transportation can be implemented by fabrication of biocompatible and magnetically controllable microrobots [2, 3, 6] . The structures of the microrobots can be fabricated by various materials such as SU-8, IP-Dip, IP-L, silicon, etc. [7] [8] [9] [10] [11] Especially, SU-8, IP-Dip, and IP-L are being used to fabricate precise three-dimensional (3D) microrobots using a 3D laser lithography system [2, 4, 8, 9, [11] [12] [13] [14] . The polymer structures of the microrobots should be coated with nickel and titanium layers after fabrication for magnetic wireless control and biocompatibility of the microrobots [2, 9, 11] . The microrobots with a magnetic layer can be precisely controlled by external magnetic fields generated by a magnetic coil system. Relevant magnetic fields or field gradient should be used to control a microrobot based on the driving mechanism of each microrobot [15] [16] [17] [18] . Many research works have been focused on only implementation of locomotion with a simple structure or a magnet because of the difficulty of fabrication and assembly of small structures. In this review, 3D laser lithography will be briefly introduced to explain the fabrication method for some of the biomedical microrobots. The driving mechanism for each microrobot will also be introduced with two magnetic control systems. Finally, the results of the precise control of the microrobots will be presented and show the possibilities of the microrobot for biomedical applications.
3D FABRICATION METHOD FOR MICROROBOTS
Micro-electro-mechanical systems (MEMS) and nanoelectro-mechanical systems (NEMS) technologies were adopted to fabricate the structures of various microrobots. One of the new approaches for the fabrication of 3D porous microrobots is a 3D laser lithography using photo-curable polymers such as SU-8, IP-Dip, and IP-L. SU-8 is a negative photoresist for two-dimensional (2D) lithography to transfer patterns on a photo-mask by selective exposure of ultraviolet (UV) light. IPDip and IP-L are special tailored photoresists with maximum performance for the 3D laser lithography system [19] [20] [21] . The feature created using SU-8 is relatively bigger than the size of the designed feature size The fabrication preprocess for the 3D laser lithography system is shown in Fig. 1 (Photonic professional, Nanoscribe GmbH, Germany). First, the glass wafer is cleaned and dried to be used as a substrate and a drop of negative photoresist (PR) was released on the substrate as depicted in Fig. 1(a, b) . Writing a 3D structure on the negative PR is explained in Fig.   Fig. 1 . Fabrication process for 3D porous microrobot using a 3D laser lithography system. (a) Cleaning glass wafer using IPA, (b) Dropcast of 50~100 ul negative photoresist, (c) laser writing, (d) development, (e) nickel and titanium deposition by a sputter, and (f ) fabricated structures for parameter test. (c) and development was performed to remove the unexposed part of the PR as shown in Fig. 1(d) . Finally, 170 nm nickel and 20 nm titanium layers were deposited by a sputter (SORONA Co. Ltd., Korea) for magnetic control and biocompatibility of the microrobot, respectively. Fig. 1(f) shows the fabricated structures after laser parameter test to find the optimized parameters for laser intensity and writing speed.
MAGNETIC CONTROL SYSTEMS
The fabricated microrobots coated with nickel have magnetic properties to be controlled by an external magnetic field. For the position and orientation control of the microrobots, gradient magnetic field and/or constant magnetic field are used to generate magnetic force and magnetic torque. Therefore, precise magnetic field control is very important for accurate manipulation of the microrobot. MiniMag (MiniMag, Aeon Scientific GmbH, Switzerland) is an electromagnetic coil system to control the magnetic field on top of the system as shown in Fig. 2 [2, 23-25 ]. The system has eight coils with two cameras for top and side views as shown in Fig. 2(a) and a transparent plastic container with silicon oil is used to provide the fluidic environment for the navigation of the microrobots as indicated by the red circle in Fig. 2(b) . In this figure, a simple cylindrical magnet is used to demonstrate the control mechanism.
OctoMag (OctoMag, Aeon Scientific GmbH, Switzerland) is another magnetic control system with bigger working space, higher magnetic field, and higher magnetic field gradient compared to the MiniMag [26, 27] . OctoMag is shown in Fig. 3 and it has eight coils with cores for each coil. 
MICROROBOTS

Scaffold type microrobots
Bio-scaffold is a porous structure which is used for regeneration of cells and/or tissues by cultivation of tissues on the structure [28] [29] [30] [31] . For culturing cells or tissues using a scaffold, appropriate structure should be selected for the purposed target application. If the structure is planned to be used as a microrobot, the structure design is more important for optimal control and efficiency of movement. In addition, the shape of the target region and surrounding environment should be also considered before designing of the microrobot. Some of the microrobots are to remain in the body and some others could be dissolved by body fluids depending on the purpose of the microrobots. In both cases, the general purpose of the scaffold type microrobots is transporting tissues, cells or drug into a target area (2) . Producing proper medium supply, uniform cell distribution and increasing cell density are important issues in 3D cell culture on a scaffold type microrobot to maintain the tissues in an environment with structural and functional complexity. The 3D porous microrobots fabricated by the 3D laser-lithography have the potential to transport multiple cells and/or drug at a time since the structures of the scaffold type microrobots can be easily customized for the size of the targeted cell or drug.
A scanning electron microscope (SEM) image of the fabricated scaffold type microrobots are shown in Fig. 4 . The scale bars in Fig. 4 are ~ 50 μm and the size of a cubicle is about 10 μm3 and it can be optimized for the size of cell or drug to be transported [2] . The scaffold type microrobots can be wirelessly controlled by external magnetic fields using a magnetic control system. A series of captured images of a video are shown in Fig. 5 to show autonomous targeted control of the scaffold type microrobot by 13 mT magnetic field. The dark gray circles are the targeted points for autonomous movement of the scaffold type microrobot following the track made by the gray circles. The upper left insets in Fig. 5 show the electric currents for each coil at the given time during the autonomous targeted control of the microrobot. 
Ciliary microrobots
Biomimetic is the approach that learns from nature to achieve an effective and environmentally friendly system [4, [32] [33] [34] . For microrobots in small scale, microorganisms sometimes provide the ideas that show how to move at a small scale in a fluidic environment. Among the various motions of microorganisms, prokaryotic and eukaryotic flagella motion and ciliary motion are well understood [34, 35] . Prokaryotic and eukaryotic flagella show the corkscrew motion [4, 16, 34, 36, 37] and the traveling-wave motion [38] [39] [40] [41] , respectively, and the cilia moves by forward and backward stroke motions [8, 42] . The key modality of these motions of microorganisms in the micro-scale environment is non-reciprocal motion.
Microorganisms without chirality should have non-time and axial-symmetric stroke motion to generate non-reciprocal motion [8, [38] [39] [40] [41] [42] . Microrobots with non-reciprocal motion by non-reciprocal actuation were not implemented before because of the difficulty of implementing non-symmetrical actuation and tiny flexible ciliary structures. Ciliary microrobots were designed, fabricated, and their position and orientation were manipulated by non-reciprocal actuation with stepping magnetic fields [8, 40, 41] . The ciliary microrobots are implemented to mimic cilia based microorganisms such as paramecium. As shown in Fig. 6 , the ciliary microrobot was fabricated by 3D laser-lithography system [2, 8, 20, 43] , and nickel and titanium layers were deposited on the cilia part only by the sputtering system for magnetic manipulation and biocompatibility, respectively. Fig. 6(a) is the design of the paramecium inspired microrobot with a temporary cover to block the deposition of metal layers on the body of the ciliary microrobot. The fabricated ciliary microrobots with and without the mask structure are shown in Fig. 6(b) . The fabricated microrobots were manipulated by magnetic manipulator which generates stepping magnetic fields (nonsymmetric on-off fields) to translate the cilia with nonaxial symmetric actuation forces and the cilia tend to align with the applied magnetic field direction [8] . The size of the microrobot is designed as 220 μm for body length, 60 μm for body diameter, and 4 by 10 by 75 μm for a cilium. The translational velocities of the ciliary microrobot were evaluated with different frequencies and magnetic field intensities. The maximum velocity of the ciliary microrobot was 340 μm/s which is achieved under the 9.5 mT of field intensity and 60 Hz of frequency with 110° of oscillating polar angle. The different stroke pattern during the power and recovery stroke generates the two different actuation forces which allows the microrobots to achieve the translational forward force. Fig. 7 explains the mechanism to generate propulsion force by stroke and recovery motions.
CONCLUSIONS
We reviewed the fabrication and control methods for scaffold type and ciliary microrobots for possible biomedical applications. The fabrication was done using negative photoresists such as SU-8, IP-Dip, and IP-L with a 3D laserlithography system and a sputter. The 3D porous scaffold type microrobot was designed to contain many cells or drug for precise transportation. The fabrication parameters of the microrobot was optimized by making test structures with various laser intensities and writing speeds of the 3D laserlithography system. The ciliary microrobot was created by the same fabrication method. Both the scaffold type and ciliary microrobots were manipulated by magnetic control systems. MiniMag and OctoMag were introduced and their specifications were compared. The fabricated scaffold type and ciliary microrobots were manipulated to show the possible applications of the microrobots for precise cell and drug delivery.
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